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Spin-orbital-angular-momentum (SOAM) coupling has been realized in recent experiments of
Bose-Einstein condensates [Chen et al., Phys. Rev. Lett. 121, 113204 (2018) and Zhang et al.,
Phys. Rev. Lett. 122, 110402 (2019)], where the orbital angular momentum imprinted upon bosons
directly leads to quantized vortices. However, an s-wave Fermi pairing superfluid under the same
SOAM coupling is typically vortex-less, as the two fermion species acquire opposite angular momenta
in the center-of-mass motion. Here we show that, by introducing a moderate two-photon detuning in
the Raman process generating the SOAM coupling, a quantized vortex, with size comparable to the
beam waist of Raman lasers, can be stabilized in a Fermi superfluid. Such a giant vortex state can
be viewed as the angular analogue of the Fulde-Ferrell states under a spin-orbit-coupling-induced
Fermi-surface deformation, now with Cooper pairs carrying quantized angular momenta. Due to
the spin-polarized nature of vortex bound states, these vortices feature a large spin polarization at
the vortex core, thus providing an ideal signal for their experimental detection.
In the past decade, the experimental implementation
of synthetic spin-orbit coupling (SOC) in cold atoms has
stimulated extensive activities in simulating exotic quan-
tum matter [1–9]. Under a Raman-induced SOC for in-
stance, the internal hyperfine spins of an atom are cou-
pled with the atomic center-of-mass momentum through
a two-photon Raman process, such that the atom is sub-
ject to a non-Abelian synthetic gauge field that qualita-
tively modifies the single-particle dispersion, with highly
non-trivial few- and many-body consequences [10–18].
Recently, an alternative type of synthetic gauge field
is introduced where hyperfine spins are coupled with
the atomic center-of-mass angular momentum [19–25].
Such a spin-orbital-angular-momentum (SOAM) cou-
pling has already been experimentally demonstrated in
spinor Bose-Einstein condensates (BECs), under a Ra-
man process driven by two Laguerre-Gaussian lasers with
different orbital angular momenta [26, 27]. While it has
been shown that the SOAM coupling gives rise to spin-
dependent vortex formation and rich quantum phases in
BECs [19–28], its impact on fermions is yet to be ex-
plored. In light of the exotic pairing states in spin-orbit
coupled Fermi gases [7], it would be particulalry intrigu-
ing to examine the interplay between SOAM coupling
and pairing in ultracold fermions.
In this Letter, we study pairing phases in a two-
component Fermi gas under SOAM coupling, focusing on
the vortex formation therein. Unlike the SOAM-coupled
BEC, where the orbital-angular momentum imprinted
upon single atoms by the Raman beams directly leads
to quantized vortices in the condensate [26, 27], SOAM
coupling alone does not induce vortices in a Fermi super-
fluid. This is understandable as fermions in a Cooper pair
acquire opposite orbital-angular momenta under SOAM
coupling, which cancel each other and give rise to a su-
perfluid state devoid of vortices. However, we show that
vortices can be stabilized by introducing a moderate two-
photon detuning in the Raman process generating the
SOAM coupling. As the Raman coupling and two-photon
detuning respectively serve as effective Zeeman fields in
the transverse and longitudinal directions, their interplay
with the SOAM coupling and pairing interactions give
rise to stable vortices under experimentally achievable
parameters. The underlying mechanism of the vortex for-
mation is reminiscent of that of the SOC-enhanced Fulde-
Ferrell pairing, where Cooper pairs inevitably carry fi-
nite center-of-mass momentum due to the deformation of
the SOC-dressed Fermi surface under Zeeman fields [10–
16]. An angular analogue of the Fulde-Ferrell pairing
state, SOAM-coupling-induced vortices feature Cooper
pairs with quantized angular momenta, and are easier to
detect due to their topological nature.
We confirm such a vortex formation mechanism
by solving the Bogoliubov-de Gennes (BdG) equation.
Based on the quasi-particle spectrum, we find two vor-
tex states: a fully gapped vortex state and a gapless
one. A striking feature of these vortices is that their
dynamic details, such as the order-parameter or density
profiles, vary on a length scale comparable to the waist
of Raman beams. This is distinct from previously stud-
ied vortices in atomic Fermi superfluids, where changes
in the vortex-core structure predominantly take place
within a short length scale set by the interatomic sep-
aration [29, 30]. Furthermore, we show that the vor-
tex core exhibits a large spin imbalance, which originates
from spin-polarized vortex bound states, or the so-called
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FIG. 1. (a) A pair of co-propagating Raman beams carrying
different orbital angular momenta (−l1~ and −l2~) induce
SOAM coupling in atoms, with a transferred angular momen-
tum l~ = (l1 − l2)~/2. (b) Schematic illustration of the level
scheme. (c)(d) Single-particle energy spectra under SOAM
coupling for δ = 0 (c), and δ/EF = 0.4 (d). Black dashed
lines denote potential Fermi surfaces in a many-body setting.
The parameters are chosen as l = 3, Ω0/EF = 0.2, kFw = 15
and kFR = 15. Here the Fermi wave vector kF is defined
through the density n0 = k
2
F /(2pi) of a uniform Fermi gas in
the area S = piR2, and EF = ~2k2F /(2M), with M the atomic
mass.
Caroli-de Gennes-Matricon (CdGM) states, and would
serve as an ideal experimental signal for future detection.
Our results offer an intriguing way of generating vortices
with tunable size in a Fermi superfluid, and would stim-
ulate further study of SOAM coupling in strongly inter-
acting Fermi gases.
Model:— We consider a two-component Fermi gas con-
fined in the two-dimensional x–y plane, with different hy-
perfine spin states denoted by ↑ and ↓, respectively. As
illustrated in Fig. 1(a) and (b), the SOAM coupling is
driven by a pair of co-propagating Raman beams carry-
ing different orbital angular momenta −l1~ and −l2~ [31].
The two-photon Raman process is characterized by an in-
homogeneous Raman coupling Ω(r) and a phase winding
e−2ilθ, where 2l ≡ l1 − l2 and we adopt the polar coor-
dinates r = (r, θ). After a unitary transformation, the
effective single-particle Hamiltonian becomes [27, 31]
Hs =− ~
2
2Mr
∂
∂r
(
r
∂
∂r
)
+
(Lz − l~σz)2
2Mr2
+ Ω(r)σx +
δ
2
σz + Vext(r), (1)
where M is the atom mass, and σi (i = x, y, z) are the
Pauli matrices. The atomic orbital angular momentum
perpendicular to the x–y plane, Lz = −i~∂/∂θ, is cou-
pled to the atomic spin through the SOAM-coupling term
−l~Lzσz/(Mr2). The atoms are subject to an external
potential Vext(r) in the x–y plane, which we take as an
isotropic hard-wall box potential with a radius R.
The Raman coupling Ω(r) and two-photon detuning
δ provide effective transverse and longitudinal Zeeman
fields, respectively, which play key roles in stabilizing
vortices. While the Laguerre-Gaussian Raman beams
were used in previous experiments [26, 27], their in-
tensities are suppressed near r = 0, leading to vanish-
ingly small SOAM-coupling effects in the vicinity which
we find unfavorable for vortex formation. Instead, we
consider a Gaussian-type Raman intensity, with Ω(r) =
Ω0e
−2r2/w2 , Ω0 being the intensity at the center and
w the waist of lasers. Such an intensity profile can be
achieved by directly imaging Raman beams with distinct
orbital angular momenta onto atoms, before the beams
propagate into the diffraction far field [31].
Assuming s-wave contact interactions between differ-
ent spin components, the many-body Hamiltonian is
given by H = H0 + Hint, with H0 =
∫
drΨ†(r)HsΨ(r),
and Hint = −g
∫
drψ†↑(r)ψ
†
↓(r)ψ↓(r)ψ↑(r). Here Ψ(r) =
[ψ↑(r), ψ↓(r)]T, with ψσ(r) (σ =↑, ↓) denoting the field
operators for the two hyperfine spins. The bare in-
teraction g is renormalized in two dimensions as g =
4pi~2/[M ln(1 + 2Ec/EB)], where EB is the two-body
binding energy in the absence of SOAM coupling, and
Ec is a large energy cutoff to be used in the BdG calcu-
lation. Note that our results are independent of Ec.
Single-particle spectrum:— Before moving to the
many-body BdG calculation, we first analyze the single-
particle properties, i.e., the spectrum of Hs, which is
helpful for understanding the mechanism of vortex for-
mation. Due to the rotational symmetry, the eigen wave
function ofHs can be written as ψmn(r) = ϕmn(r)Θm(θ),
where the angular and radial wave functions are given
by Θm(θ) = e
imθ/
√
2pi and ϕmn(r), respectively, with
m ∈ Z and n ∈ Z+ the corresponding quantum num-
bers. We numerically solve the Schro¨dinger equation
Hsψmn(r) = Em,nψmn(r) in the basis of the Bessel func-
tions to determine the energy spectrum Em,n. This
amounts to writing ϕmn(r) = [f↑mn(r), f↓mn(r)]T, and
making the expansion fσmn(r) =
∑
n′ c
(n′)
σmnRn′,m−lτ (r),
where Rn,m(r) =
√
2Jm(αnmr/R)/RJm+1(αnm), with
τ = +1 (−1) for σ =↑ (↓). Here Jm(x) is the Bessel
function of the first kind whose zeros are given by αnm.
Crucially, the impact of the detuning δ on the eigen
spectrum is illustrated in Fig. 1(c) and (d). For δ =
0, an inversion symmetry exists in the eigen spectrum,
leading to a symmetric distribution of eigen energies with
respect to m = 0, with Em,n = E−m,n. In contrast,
for nonzero δ, the inversion symmetry is broken, with
Em,n 6= E−m,n, leading to deformed Fermi surfaces in a
many-body setting.
When the attractive interaction is turned on, pairing
should predominantly take place between unlike spins
with the same radial quantum number n in order to max-
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FIG. 2. (a) Phase diagram of a two-dimensional Fermi su-
perfluid with SOAM coupling in the Ω0–δ plane. The angular
momentum transfer is taken to be l~ = 3~ and the interaction
strength is chosen as EB/EF = 0.5. The phase diagram in-
cludes the usual superfluid state (SF) with κ = 0, the normal
state (N) with ∆ = 0, and two vortex states with κ = −1:
a fully gapped vortex states (VI) and a gapless vortex state
(VII). (b)(c) Free energies F of the superfluid, normal, and
vortex states as functions of δ, with Ω0/EF = 2 (b) and
Ω0/EF = 0.5 (c). The parameters kFw and kFR are the
same as those in Fig. 1.
imize the overlap of radial wave functions. Thus, for the
symmetric eigen spectrum under δ = 0, it is more fa-
vorable for two fermions with opposite angular quantum
numbers (m and −m) to form a Cooper pair, carrying
a vanishing total angular momentum. In contrast, un-
der a finite δ with asymmetric eigen spectrum, the two
fermions in a Cooper pair may possess different values
of |m|, resulting in a pairing state with a nonzero, quan-
tized angular momentum, which is nothing but a Fermi
superfluid with vortices. Such a mechanism for the vortex
formation is analogous to that of the SOC-induced Fulde-
Ferrell pairing in spin-orbit coupled Fermi gases, where
the interplay between SOC and Zeeman fields leads to
the deformation of Fermi surfaces with broken inversion
symmetry in the momentum space [12–16]. However, a
key difference here is the quantization of the angular mo-
mentum, which gives rise to topological defects in the
resulting Fermi superfluid.
BdG formalism:— We confirm the analysis above by
solving the many-body problem under the BdG formal-
ism. The BdG equation is given by HBdGΦmn(r) =
(a) (b)
(c)
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FIG. 3. Energy spectra and vortex-core structures for the SF
state with δ/EF = 0.48 [(a)(b)], the VI state with δ/EF =
0.84 [(c)(d)], and the VII state with δ/EF = 1.035 [(e)(f)]. In
the energy spectra (a)(c)(e), different eigenstates are color-
coded according to the ratio
√〈r2〉/R, with the root-mean-
square of the radius 〈r2〉 = ∑σ ∫ drr2(|uσmn|2 + |vσmn|2).
The CdGM states are indicated by black dots in (c). In
(b)(d)(f), the blue dash-dotted correspond to the order pa-
rameter profile, and red solid (dashed) lines are the radial den-
sity profiles of the spin-down (up) atoms, respectively. The
radial density is calculated through nσ(r) =
1
2pi
∫
dθnσ(r).
Here we take Ω0/EF = 1.2 and other parameters are the
same as those in Fig. 2.
mnΦmn(r), with
HBdG =

K↑(r) Ω(r) 0 ∆(r)
Ω(r) K↓(r) −∆(r) 0
0 −∆∗(r) −K∗↑ (r) −Ω(r)
∆∗(r) 0 −Ω(r) −K∗↓ (r)
 . (2)
Here Φmn(r) = [u↑mn, u↓mn, v↑mn, v↓mn]T, with uσmn
and vσmn being the Bogoliubov coefficients, and Kσ(r) =
− ~22M
[
1
r
∂
∂r (r
∂
∂r ) +
1
r2
(
∂
∂θ − iτ l
)2]
+ τ δ2 − µ. The chem-
ical potential µ is introduced to fix the total particle
number N . The superfluid order parameter ∆(r) =
−g〈ψ↓(r)ψ↑(r)〉 should be determined through the self-
consistent equation
∆(r) =
g
2
∑
mn
[
u↑mnv∗↓mnϑ(mn) + u↓mnv
∗
↑mnϑ(−mn)
]
,
(3)
where ϑ(x) is the Heaviside step function.
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FIG. 4. Order parameter profiles for kFw = 5 (blue solid),
kFw = 10 (black dashed), and kFw = 15 (red dash-dotted).
We fix δ/EF = 0.84 and kFR = 15, with other parameters
the same as those in Fig. 3.
We expect that a vortex state would be the ground
state for appropriate values of Ω0 and δ, and thus as-
sume that the order parameter takes the form ∆(r) =
∆(r)eiκθ, where the vorticity κ ∈ Z characterizes
the quantized angular momentum of the vortex. Due
to the rotational symmetry, it is convenient to write
uσmn =
∑
n′ c
(n′)
σmnRn′,m−τl(r)Θm(θ), and vσmn =∑
n′ d
(n′)
σmnRn′,m+τl−κ(r)Θm−κ(θ). The BdG equation
then becomes a matrix equation for the expansion co-
efficients c
(n′)
σmn and d
(n′)
σmn [31].
For different values of κ ∈ Z, we solve the BdG
equation and the self-consistent equation (3) under
the particle number constraint N =
∑
σ
∫
drnσ(r),
with density profiles nσ(r) =
1
2
∑
mn[|uσmn|2ϑ(−mn) +
|vσmn|2ϑ(mn)]. We then compare the free energies of the
vortex state (κ 6= 0), the usual superfluid state (κ = 0),
and the normal state (∆ = 0) to determine the phase
diagram.
Phase diagram and vortex structure:— The phase dia-
gram in the Ω0–δ plane is shown in Fig. 2(a) for the angu-
lar momentum transfer l~ = 3~ and interaction strength
EB/EF = 0.5. For δ > 0 (δ < 0), vortex states with
κ = −1 (κ = 1) are favored, with the phase diagram
unchanged by the sign of δ.
At small Ω0 and δ, the ground state is a usual su-
perfluid (SF) with a vanishing vorticity κ = 0. Under
sufficiently large Ω0 and/or δ, which play the role of ef-
fective Zeeman fields, the free-energy difference between
the SF and normal (N) states becomes vanishingly small.
Since beyond-mean-field fluctuations tend to stabilize the
normal state, for all practical purposes, we consider the
system to be in a normal state when the free-energy dif-
ference is smaller than 10−3EF . More importantly, be-
tween the superfluid and normal states, two vortex states
exist in a region with moderate Ω0 and δ. For example,
with a fixed Ω0/EF = 1.5 [see Fig. 2(a)], the ground state
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FIG. 5. (a)Densities of the two spin components at the trap
center, nσ(r = 0), as a function of the detuning δ. The
blue solid (red dashed) curve denotes the spin-down (spin-
up) component. (b)(c) Local densities of state Dσ(r, E) for
δ/EF = 0.24 (b) and δ/EF = 0.6 (c). The upper (lower)
layer shows the local density of state of the spin-down (spin-
up) component. The red circle in (c) indicates the occupied
CdGM state responsible for the spin imbalance at r = 0.
Here we take Ω0/EF = 2 and other parameters are the same
as those in Fig. 2.
is in the SF state under small detunings δ, and becomes
a fully-gapped vortex state (VI) beyond a critical value
of δ. Further increase of δ leads to a gapless vortex state
(VII), where the bulk excitation gap is closed.
In Fig. 2(b) and (c), we compare free energies for dif-
ferent states, as the phase diagram is traversed. In par-
ticular, for the case with Ω0 = 0.5EF , the ground state
remains vortex-less for finite δ, despite the deformation
of the Fermi surface under SOAM coupling and effective
Zeeman fields. This is due to the quantized nature of
the angular momentum, and is in sharp contrast to the
SOC-induced Fulde-Ferrell state which always acquires a
finite, continuously varying center-of-mass momentum in
the presence of SOC and Zeeman fields [10–16].
In Fig. 3, we show the energy spectrum mn, the or-
der parameter ∆(r), and the density profiles in the SF
state [Fig. 3(a)(b)], the VI state [Fig. 3(c)(d)], and the
VII state [Fig. 3(e)(f)]. In the ground state, all eigen
states with mn < 0 are occupied. Here two important
observations are in order.
First, both the order parameter and density profiles
vary over a length scale set by the laser waist w, leading
to a giant vortex core with tunable size. This is clearly
visible in Fig. 4, where the vortex-core size, characterized
by variations of the order parameter, is comparable to w,
the latter being much larger than k−1F in experiments.
Second, the order parameter ∆(r) of either vortex
states vanishes at r = 0, accompanied by a large spin
imbalance near the vortex core. This is in contrast to the
5SF state, where the spin population is roughly balanced
at r = 0 [Fig. 3(b)]. In Fig. 5(a), we show the densities
of the two spin components at r = 0 as a function of the
detuning δ. The spin imbalance remains small in the SF
state at small δ, but abruptly jumps to a large value once
the system is in the vortx state, suggesting a discontin-
uous phase transition. To better characterize the large
spin polarization at the vortex core, we calculate the lo-
cal density of state Dσ(r, E) =
1
2pi
∫
dθDσ(r, E), which
offers both spatial and spectral resolution of all eigen
states. Here Dσ(r, E) =
1
2
∑
mn[|uσmn|2δ(E − mn) +
|vσmn|2δ(E+ mn)]. Our results for the SF and VI states
are shown in Fig. 5(b) and Fig. 5(c), respectively. As
indicated by the red circle in Fig. 5(c), occupied CdGM
states with large spin polarization exist in the excitation
gap, which are localized near r = 0 with depleted pair-
ing order parameter, effectively serving as a dump for
the spin polarization under Zeeman fields. These CdGM
states are directly responsible for the observed large spin
polarization at the vortex core in Figs. 3(d). In the VII
state, despite the closing of the bulk excitation gap, local
spin polarization near the core persists, due to polarized
local states that are smoothly connected to the CdGM
states in the gapped phase [31].
Discussion:— Experimentally, the SOAM-coupling-
induced vortices can be detected through the apparent
spin polarization at vortex cores, which is further fa-
cilitated by their large and tunable size. For instance,
with w ∼ 7.5µm and l = 3, and under typical parame-
ters of a quasi-two-dimensional Fermi gas of 6Li atoms
with EF ∼ 2pi~ × 3.4kHz [35], the parameter window
for a stable vortex state is Ω0 ∼ 2pi~× (3.4, 8.5)kHz and
δ ∼ 2pi~ × (1.4, 4.1)kHz, which are readily accessible in
current experiments. While we focus on the case with
l~ = 3~, an interesting question is whether quantized
vortices with |κ| > 1 can be stabilized given a larger
angular-momentum transfer. Furthermore, given the rich
phases of spin-orbit coupled Fermi gases, it would be fas-
cinating to explore other exotic superfluid states induced
by the SOAM coupling.
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6FIG. S1. A simplified illustration of the proposed optical setup. A pair of Gaussian Raman beams, Raman A and Raman B,
emerge from the same optical fiber with orthogonal linear polarizations (the red and blue straight lines with slight lateral shift
to guide the eye). They are transformed into circularly polarized ones by a quarter-wave plate to acquire a winding phase e±ilθ
from the q-plate (depending on their polarizations). The Raman beams are then transformed back to linear polarizations again
by a quarter-wave plate. The Gaussian-type profiles right after the q-plate with winding phases e±ilθ are imaged by a 4f -lens
system onto the atoms placed on the rear focal plane.
Supplemental Material for “Generating giant vortex in a Fermi superfluid via
spin-orbital-angular-momentum coupling”
In this Supplemental Material, we provide details on the experimental implementation, derivation of the effective
single-particle Hamiltonian, the matrix form of the BdG equation, as well as the spectrum of the gapless vortex state.
Experimental implementation
In this section, we provide details on an experimental proposal for implementing a Gaussian-type Raman coupling.
As illustrated in Fig. S1, phase patterns e+ilθ and e−ilθ are imprinted by a q-plate respectively on the input pair
of Gaussian beams with different circular polarizations. Subsequently, a 4f -lens system is employed to image the
Gaussian intensity profile immediately after the q-late onto the atoms [32]. Unlike the situations in previous works [26,
27], here we use the beam profile right after the q-plate and do not allow it to further propagate into the diffraction
far field, thus avoiding the Laguerre function and the factor |r|l to appear in the intensity profile.
Effective single-particle Hamiltonian
In this section, we briefly outline the derivation of the effective single-particle Hamiltonian Eq. (1) in the main
text. We start from considering a pair of co-propagating Raman beams carrying different angular momenta, which
couple two hyperfine states (↑ and ↓) of an atom. After the adiabatic elimination of the excited states, the effective
single-particle Hamiltonian in the hyperfine-spin basis reads
H0 =
[
−~2∇22M + Vext(r) + δ2 Ω(r)e−i(l1−l2)θ
Ω(r)ei(l1−l2)θ −~2∇22M + Vext(r)− δ2
]
, (S1)
where ∇2 = 1r ∂∂r
(
r ∂∂r
)
+ 1r2
∂2
∂θ2 , and the phase windings e
−iliθ (i = 1, 2) reflect the orbital angular momenta −li~
carried by the two Raman beams. The two-photon Raman coupling and detuning are denoted by Ω(r) and δ,
respectively. The atoms are confined in an external potential denoted by Vext(r).
The phase terms in the off-diagonal components can be eliminated via a unitary transformation Hs = U†H0U ,
where U = diag(e−ilθ, eilθ), with l = (l1− l2)/2. We thus arrive at the effective single-particle Hamiltonian Hs, given
by Eq. (1) in the main text.
BdG equation in the Bessel-function basis
Based on the expansion of uσmn and vσmn in terms of the Bessel-function basis, as shown in the main text, the BdG
equation (2) becomes decoupled in each m sector. For a given m, the BdG equation can be expressed as a matrix
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FIG. S2. Energy spectrum and local densities of state Dσ(r, E) for (a)(b) gapped vortex state with δ/EF = 0.48, and (c)(d)
gapless vortex state with δ/EF = 0.84. For the fully-gapped vortex state in (a), most of the spin polarizations at the vortex
core is carried by the occupied CdGM state marked in black, which is also circled out in Dσ(r, E) (b). For the gapless vortex in
(c), spin polarization again concentrates near r = 0 and is carried by a state (in black) that can be smoothly connected to the
CdGM state in (a). In (b)(d), the upper (lower) layer shows the local densities of state of the spin-down (spin-up) component.
Here we take Ω0/EF = 2, while other parameters are the same as those in Fig. 2. See also Fig. 3 for the convention of color
coding.
equation for the expansion coefficients c
(n′)
σmn and d
(n′)
σmn,
∑
n′′

Kn
′n′′
↑,m−l Ω
n′′,m+l
n′,m−l 0 ∆
n′′,m−l−κ
n′,m−l
Ωn
′′,m−l
n′,m+l K
n′n′′
↓,m+l −∆n
′′,m+l−κ
n′,m+l 0
0 −∆n′′,m+ln′,m+l−κ −Kn
′n′′
↑,m+l−κ −Ωn
′′,m−l−κ
n′,m+l−κ
∆n
′′,m−l
n′,m−l−κ 0 −Ωn
′′,m+l−κ
n′,m−l+κ −Kn
′n′′
↓,m−l−κ


c
(n′′)
↑mn
c
(n′′)
↓mn
d
(n′′)
↑mn
d
(n′′)
↓mn
 = mn

c
(n′)
↑mn
c
(n′)
↓mn
d
(n′)
↑mn
d
(n′)
↓mn
 . (S2)
The elements are given by
Kn
′n′′
σ,p =
(~2α2n′,p
2mR2
+ τ
δ
2
− µ
)
δn′n′′ , (S3)
Ωn
′′,q
n′,p =
∫
rdrRn′,p(r)Ω(r)Rn′′,q(r), (S4)
∆n
′′,q
n′,p =
∫
rdrRn′,p(r)∆(r)Rn′′,q(r). (S5)
For a given profile of ∆(r), we diagonalize the matrix in Eq. (S2) to determine the quasiparticle spectrum mn and
the coefficients c
(n′)
σmn and d
(n′)
σmn. The profile ∆(r) and the chemical potential µ are then determined through the
self-consistent equation and the number equation given in the main text. The free energy of the pairing state can be
8evaluated as
F =
1
2
∑
mn
mn
[
ϑ(−mn)−
∑
σ
∫
dr|vσmn(r)|2
]
+
∫
dr
|∆(r)|2
g
+ µN. (S6)
Energy spectrum and local density of states for gapless vortices
For a fully-gapped vortex, the majority of the spin polarization at r = 0 is carried by a single occupied (mn < 0)
CdGM state, as illustrated in Fig. S2(a)(b). When increasing δ, the vortex state can become gapless. Despite the
closing of the bulk gap, the heavily-polarized CdGM state is smoothly connected to an extended state in the gapless
spectrum, which is also heavily polarized at r = 0 [see Fig. S2(c)(d)]. As such, both gapped and gapless vortices are
amenable to our proposed detection scheme.
